A social group can only be spatially coherent if its members synchronize activities such as foraging and resting. However, activity synchronization is costly to individuals if it requires them to postpone an activity that would be personally more pro¢table in order to do what the rest of the group is doing. Such costs will be particularly high in groups whose members belong to di¡erent age, size or sex classes since the optimal allocation of time to various activities is likely to di¡er between such classes. Thus, di¡erences in the costs of activity synchronization between and within classes could cause non-homogenous groups to be less stable than homogenous groups, with the result that homogenous groups predominate in the population: that is, they could cause`social segregation' of animals of di¡erent sex, size or age. We develop a model that predicts the degree of social segregation attributable to di¡erences in activity synchronization between homogenous and non-homogenous groups and use this model in determining whether activity synchronization can explain intersexual social segregation in red deer (Cervus elaphus). Di¡erences in activity synchronization between mixed-sex and unisex groups of red deer explained 35% of the observed degree of intersexual social segregation, showing that activity synchronization is an important cause of social segregation in this species.
INTRODUCTION
Although the costs and bene¢ts of group living have been extensively investigated (e.g. West-Eberhard 1979; Pulliam & Caraco 1984; Emlen 1991) , relatively little attention has been paid to the need for group members to synchronize their activities (Conradt 1997 (Conradt , 1998a . However, it is clear that a social group can only be coherent if its members remain in the same place at the same time and, for this to occur, it may be necessary for them to engage in the same activity. For example, if an animal wishes to remain with its group it cannot go o¡ and forage while the rest of the group is sleeping or stay behind and sleep while the rest of the group is foraging (Rook & Penning 1991; Conradt 1997) . However, in order to synchronize their activities with those of other group members, an individual may have to compromise its own activity budget, which will entail a cost (e.g. McNamara et al. 1987; Krebs & Kacelnik 1991) . This cost could in£uence the individual's decision to remain in the group and, as a consequence, could a¡ect group stability, group composition and, ultimately, social organization.
The costs of activity synchronization for individual group members are likely to be particularly high in groups that include members of di¡erent sex, size or age classes because the optimal allocation of time to various activities is likely to di¡er between such classes (e.g. Prins 1987; Gompper 1996) . For example, Conradt (1998a) suggested that, for sexually dimorphic ruminants, the costs of activity synchronization are higher for individuals in mixed-sex groups than in unisex groups because the duration of foraging and ruminating bouts di¡ers between individuals of di¡erent sex and body size (Clutton-Brock et al. 1982; Prins 1987; Ruckstuhl 1998 Ruckstuhl , 1999 . The higher costs of activity synchronization between group members of opposite sex could cause mixed-sex groups to be relatively unstable so that unisex groups predominate in the population. This could lead to social segregation of the sexes (Conradt 1998a; Ruckstuhl 1998 ; but also see Cote et al. 1997) , an idea which we term the activity segregation hypothesis. Conradt (1998a) and Ruckstuhl (1998) reported that, in red deer (Cervus elaphus) and bighorn sheep (Ovis canadensis), respectively, activity synchronization is indeed lower between opposite-than between same-sex group members, as is predicted by the activity synchronization hypothesis. However, they did not test whether the observed di¡erence in activity synchrony was large enough to account for the observed degree of intersexual social segregation, as is necessary in showing that sex di¡erences in activity synchronization can account for social segregation. Our aim here is to make good that de¢ciency by presenting the activity segregation hypothesis in the form of a model that calculates the degree of social segregation between two animal classes (e.g. males or females, large or small morphs and juveniles or adults) that would be expected if there is lower activity synchronization in mixed-class than in uni-class groups. We then test this model using data on intersexual social segregation in red deer.
MODEL OF SOCIAL SEGREGATION (a) Aim
The model makes testable quantitative predictions about the degree of segregation between animals of two classes that can be expected as a result of relatively lower activity synchronization between opposite-class group members than between same-class group members. The model has been formulated for intersexual segregation but could be applied to social segregation between two size (or age, etc.) classes of animals.
(b) Assumptions
Since we are only interested in the degree of segregation that can be explained by di¡erences in activity synchronization, we ignore other potential factors and assume the following.
(i) Animals are free to leave or join groups at any time so that groups can freely form and dissolve (`¢ssionf usion groups') (e.g. Clutton-Brock et al. 1982; Prins 1987; Albon et al. 1992; Raman 1997 ). (ii) Group ¢ssion rates depend solely on the degree of activity synchronization within groups of di¡erent types (here, unisex and mixed-sex groups), that is, other factors, such as direct aggression between group members, are ignored. (iii) Fission rates for both group types are proportional to the proportion of members in relevant groups in the population that do not synchronize their activities with other group members (i.e. the more unlikely group members are to synchronize their activities, the more likely the group is to break apart) (Conradt 1997 (Conradt , 1998a ). (iv) Individuals meet at random according to their respective frequencies and fuse into a new group with a constant probability (fusion rate) which is equal for both group types.
Since the model would have become unmanageably complex with variation in group sizes, we have developed it for constant group sizes but discuss predictions for variable group sizes.
(c) Model structure
Assume W males and V females in the population (see table 1 ). S t males and Z t females are solitary at time t. Solitary males and females meet randomly and fuse into groups of size n with a fusion rate a. Thus, the probability that i males and (n7 i) females meet and form a group is proportional to a £ n!/ (i!(n7 
. There will be M t male-only, F t female-only and G i,t mixed-sex groups (consisting of i males and (n7 i) females, where iˆ1 . . . (n71)) at time t. These groups break up into solitary animals at di¡erent rates according to the activity asynchrony of the animals in groups of each type: let the ¢ssion rate of unisex groups be b and that of mixed-sex groups be c £ b (with c 4 1, since mixed-sex groups break up at a higher rate than unisex groups). The ¢ssion and fusion of groups is a dynamic process and the change in the numbers of solitary animals and of groups of di¡erent types with time can be described as
and
Since the total number of males (W) and females (V) in the population remains constant, it follows that
and only (n + 1) equations are needed to specify the model.
(d) Model equilibrium
Since more groups arise when the numbers of solitary animals are high and, therefore, group numbers are low, whereas more groups break up when group numbers are high and solitary animals scarce, the system will evolve (1)
and 0ˆa
In the following, we modify equations (8)^(10) so that they can be used to calculate the degree of social segregation at equilibrium. It follows from equations (8)
It then follows from equations (11)^(13) that
(e) Degree of social segregation at equilibrium Conradt (1997 Conradt ( , 1998b Conradt ( , 1999 suggested a measure of degree of social segregation, that is the`segregation coe¤-cient' (SC), which ranges from 0 (no segregation) to 1 (complete segregation) and which is not de¢ned in the case of a positive association between the sexes. SC estimates the mean proportion of animals which segregate (Conradt 1998b) . We can use SC to measure the degree of social segregation at equilibrium in our model population (SC has been modi¢ed so as to ¢t the nomenclature of the variables in the present model), i.e.
We now modify equation (17) so that the predicted equilibrium degree of social segregation can be calculated from empirical information on activity synchrony within mixed-sex and unisex groups, the mean group size and the proportion of solitary animals that are male. These four empirical values can easily be obtained from censuses of study populations together with empirical data on the degree of social segregation (see Conradt 1998a Conradt , 1999 . By comparing predicted and observed degrees of segregation, the model's assumption that sex di¡erences in activity synchrony explain social segregation su¤ciently can be tested. Using equations (14)^ (16), equation (17) can be written as
SubstitutingŜˆp(Ŝ +Ẑ) andẐˆ(17p)(Ŝ ‡Ẑ) into equation (18) we obtain
wherep is the proportion of solitary animals at equilibrium that are male and c is the factor by which the ¢ssion rate of mixed-sex groups is higher than the ¢ssion rate of unisex groups due to lower activity synchrony in mixed-sex groups. It follows from equation (19) that, if cˆ1 and mixed-sex groups break up at the same rate as unisex groups, then SC equilibriumˆ0 and there is no segregation and that, if cˆ1 and mixed-sex groups are in¢-nitely more likely to break up than unisex groups, then SC equilibriumˆ1 and segregation is complete (i.e. only unisex groups exist at equilibrium). In order to decide whether the model can explain the observed degree of segregation in a population, it is neccessary to estimate c from observational data. Since the ¢ssion rate is proportional to the proportion of group members which do not synchronize their activities, it follows that
where P mixed sex is the proportion of animals which synchronize their activities in mixed-sex groups and P unisex is the proportion of animals which synchronize their activities in unisex groups. Conradt (1997 Conradt ( , 1998a showed that the synchronization coe¤cient, i.e. SynC, which she used in measuring the degree of activity synchronization in mixed-sex and unisex groups, estimates the values of (P mixed sex ) 2 and (P unisex ) 2 for mixedsex and unisex groups, respectively. Thus,
and, therefore,
It follows from equations (19) and (23) 
Thus, if social segregation is a consequence of sex di¡er-ences in activity synchronization, the expected degree of social segregation (SC equilibrium ) can be given as a function of the degree of synchronization in mixed-sex (SynC mixed sex ) and unisex (SynC unisex ) groups, the proportion of solitary animals that are male (p) and the group size (n) (see ¢gure 1).
(f ) Variation in group size
It can be shown that SC equilibrium decreases monotonically with group size n (see also ¢gure 1). Although the model has been developed for constant group sizes, the monotony of the function in n suggests that the degree of social segregation at equilibrium for variable group sizes can be estimated from equation (24) by using the mean group size for n as long as the mixed-sex and unisex groups do not di¡er greatly in mean group size.
SOCIAL SEGREGATION IN RED DEER (a) Methods
Census data on group sizes, group composition and the activity of each group member in a population of red deer on the Isle of Rum (see Clutton-Brock et al. (1982) for a detailed description of the study area, study species and censusing methods) were provided by T. H. CluttonBrock and F. E. Guinness. The data were collected by means of censuses (¢ve censuses per month in at least nine months per year; data within each block of ¢ve censuses were pooled) from 1974 to 1993. Only adult animals (males ¢ve or more years of age and females two or more years of age) were considered in the analysis; data from the mating season (i.e. October), when the sexes do not segregate (e.g. Clutton-Brock et al. 1982; Conradt 1999) , were excluded and we only used data from census blocks in which at least 60 adult deer of each sex were observed. There was little di¡erence in the average size of male and female groups once solitary and immature animals were excluded (Conradt 1997) .
The degree of social segregation in the population was measured using the segregation coe¤cient SC observed (Conradt 1998b (Conradt , 1999 :
where x j is the number of males in the jth group, y j is the number of females in the jth group, n j is the group size of the jth group (n jˆxj + y j ), k is the number of groups with at least two animals, X is the total number of males (excluding solitary animals), Y is the total number of females (excluding solitary animals) and N is the total number of males and females (excluding solitary animals) (NˆX + Y). The degree of activity synchronization in unisex and mixed-sex groups was measured using the synchronization coe¤cient (Conradt 1997 (Conradt , 1998a and by considering only animals that were in unisex (SynC unisex ) and mixedsex (SynC mixed sex ) groups, respectively: SynCˆ1 ¡ 20:00
where N is the total number of animals observed in groups of the relevant type, N h is the number of animals observed in the hth hour of the day in the relevant group type, A h is the number of foraging animals observed in the hth hour of the day in the relevant group type, R h is the number of ruminating animals observed in the hth hour of the day in the relevant group type, n h, j is the number of animals observed in the hth hour of the day in the jth group of the relevant type, a h, j is the number of foraging animals observed in the hth hour of the day in the jth group of the relevant type, r h, j is the number of ruminating animals observed in the hth hour of the day in the jth group of the relevant type and k h is the number of groups of the relevant type observed in the hth hour of the day. SynC can range from 0 (no synchronization of activities) to 1 (complete synchronization of activities).
(b) Results
The mean ( § s.e.) observed degree of social segregation in red deer outside the mating season (SC observed ) was 0.83 § 0.01 (nˆ20 years) (see also Conradt 1999) . In order to compare this observed value with the equilibrium value from our model we calculated the following parameters.
(i) The mean group size of the deer (n) was 2.8.
(ii) The proportion of solitary animals which were male waspˆ0.31 (note that the red deer population as a whole was female biased) (Clutton-Brock et al. 1982) . (iii) The mean observed degrees of activity synchronization in the mixed-sex and unisex groups were SynC mixed sexˆ0 .23 and SynC unisexˆ0 .39, respectively.
Using equation (24) to calculate the expected value of social segregation gives SC equilibriumˆ0 .29. Thus, the observed degree of social segregation (SC observed ) was substantially larger than the degree of social segregation that could have been explained by sex di¡erences in activity synchrony (SC equilibrium ) and this di¡erence was statistically signi¢cant (tˆ54.0, d.f.ˆ1 and p 5 0.001). It therefore appears that sex di¡erences in activity synchrony can only explain 35% (approximately one-third) of the observed intersexual social segregation (i.e. of the observed mean proportion of deer that segregated).
DISCUSSION
The size, composition and stability of social groups must ultimately depend on the balance between the costs and bene¢ts of group membership for individual group members (Alexander 1974) . The main costs that have been considered as being of importance by sociobiologists and behavioural ecologists are increased competition for resources such as food and mating opportunities and an increased liklihood of parasite transmission, while the main bene¢ts are thought to result from cooperative activities, in particular exploitation of food resources, anti-predator defence and o¡spring care (e.g. Hamilton 1971; Clark & Mangel 1986; Emlen 1991) . In the present paper, we were concerned with a di¡erent sort of cost, namely the cost that results from the need for group members to synchronize major activities such as feeding and resting in order for the group to remain spatially intact. Such activity synchronization is costly because it requires that individual group members compromise their own activity budgets in order to match the behaviour of their companions. Conradt (1998a) suggested that activity synchronization is particularly costly in groups that consist of dimorphic members. More speci¢cally, she suggested that the frequent occurrence of intersexual social segregation in sexually dimorphic species (e.g. ungulates (CluttonBrock et al. 1982; Prins 1987) , macropods (Newsome 1980) , primates (Boinski 1994) , pinnipeds (Kovacs et al. 1990) , cetaceans (Brown et al. 1995) and proboscidea (Sukamar & Gadgil 1988) ) might be explained by sex di¡erences in activity rhythms causing a higher frequency of splitting up of mixed-sex than of unisex groups (see also Ruckstuhl 1998 Ruckstuhl , 1999 . In the present study, we developed a model that can be used for testing this hypothesis by determining whether an observed degree of social segregation between animals of two classes (e.g. sex, age or size classes) can be explained by an observed di¡erence between mixed-and uni-class groups with respect to degree of activity synchronization. The model assumes that groups are of the ¢ssion^fusion type (i.e. animals can freely join or leave groups), which is true for many of the relevant species (e.g. Prins 1987; Albon et al. 1992; Raman 1997) . In order to apply the model, empirical information is needed on (i) degree of social segregation, (ii) degree of activity synchronization in mixed-and uniclass groups, (iii) mean group size, and (iv) proportion of solitary animals that are of either class. These empirical values can easily be obtained from census data on the group composition and activity of group members in wild populations (e.g. Conradt 1997 ). We used data on red deer collected in over 90 censuses over the course of 20 years for demonstrating the model (see Clutton-Brock et al. 1982; Conradt 1997) . However, data from a single census would be su¤cient for testing the model as long as the sample sizes were large enough to allow the use of the segregation and synchronization coe¤cients (Conradt 1998a,b) . We found that di¡erences in activity synchronization between mixed-sex and unisex groups could only explain ca. 35% of the observed degree of intersexual social segregation. Thus, although activity synchronization contributes signi¢cantly to the degree of intersexual social segregation in red deer, it cannot be the sole explanation. Additional causes of segregation could be competitive or aggressive interference between males and females (e.g. Clutton-Brock et al. 1982; Conradt 2000) or di¡erences in environmental requirements (e.g. Clutton-Brock et al. 1987 ).
Although we focused on the problem of activity synchronization between animals of di¡erent sexes, any two individuals whose optimal activity budgets are di¡erent will experience a cost if they are obliged to synchronize their behaviour. Although the magnitude of this cost will depend on various additional factors such as the grain of the habitat and abundance of resources, the need for activity synchronization is a general feature of social groups and will contribute to the overall cost of sociality in a wide range of species and circumstances. In addition, psychologists have long been aware that laboratory animals often match their activities with those of cage companions, a process known as social facilitation (e.g. Clayton 1978) and it is common experience that activities such as eating and yawning are`catching' in humans (e.g. Decastro & Decastro 1989) . From a functional point of view, these may also be instances of what we have termed activity synchronization, that is the contagious nature of certain kinds of behaviour may have evolved as a mechanism for achieving activity synchronization and, hence, maintaining group stability.
